Maximal sniff nasal inspiratory pressure (SNIP max ) is widely used to assess inspiratory muscle strength. The sniff nasal inspiratory pressure (SNIP) is lower in patients with neuromuscular disease with bulbar involvement compared with those without, possibly owing to impaired upper airway muscle function. However, the degree to which the genioglossus (GG) muscle, one of the upper airway muscles, is activated during inspiratory and expiratory efforts through the nose remains unclear. Therefore, we examined GG activity during short and sharp inspiratory and expiratory efforts through the nose, i.e. sniff and reverse sniff manoeuvres. In eight normal young subjects, we inserted fine wire electrodes into the GG muscle, parasternal intercostal and scalene (inspiratory) muscles and transversus abdominis (expiratory) muscle. We assessed EMG activity of each muscle and measured SNIP and reverse sniff nasal expiratory pressure (RSNEP) during sniffs and reverse sniffs from low to high intensities in the sitting position. The highest SNIP and RSNEP were analysed as SNIP max and maximal RSNEP (RSNEP max ), respectively. In each subject, GG EMG activity increased linearly with increasing SNIP and RSNEP. The SNIP max and RSNEP max were −85.1 ± 15.9 and 83.2 ± 24.2 cmH 2 O, respectively. Genioglossus EMG activity varied with EMG activity of the parasternal intercostal and scalene muscles during generation of SNIP max and with EMG activity of the transversus abdominis muscle during RSNEP max . Genioglossus EMG activity during generation of SNIP max was higher than during RSNEP max (62.9 ± 31.1% EMG of SNIP max , P = 0.012). These results suggested that GG activity was closely related to the generation of both SNIP max and RSNEP max .
INTRODUCTION
Maximal sniff nasal inspiratory pressure (SNIP max ) is a predictor of mortality in patients with neuromuscular disease, such as amyotrophic lateral sclerosis (Morgan et al., 2005; Polkey et al., 2017) . Thus, the technique of measuring SNIP max has already achieved wide acceptance as a simple, non-invasive assessment of inspiratory muscle strength (American Thoracic Society/European Respiratory Society, 2002; Chaudri, Liu, Watson, Jefferson, & Kinnear, 2000; Héritier, Rahm, Pasche, & Fitting, 1994; Stefanutti et al., 2000) . This manoeuvre has greater benefits regarding the ability to evaluate inspiratory muscle strength, compared with maximal mouth inspiratory pressure (P I,max ) through a mouthpiece in patients with neuromuscular disease involving orofacial muscle weakness. This is because such c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society patients experience difficulty forming an airtight seal around a mouthpiece.
A previous study (Chaudri et al., 2000) suggested that SNIP max in bulbar patients with neuromuscular disease was lower than in non-bulbar patients, possibly because of upper airway collapse and uncoordinated or impractical contraction of respiratory and upper airway muscles during a maximal sniff. In these patients, malfunction of the upper airway muscles increases resistance to airflow, leading to ventilatory failure and sleep disordered breathing of the apnoea or hypoapnoea patterns (Hadjikoutis et al., 2001) . The upper airway muscles, including the genioglossus (GG) muscle, exhibit phasic inspiratory activity during quiet breathing in normal subjects (Douglas, Jan, Yildirim, Warren, & Drummond, 1993; Otsuka, Ono, Ishiwata, & Kuroda, 2000; Pillar et al., 2001; Takahashi, Ono, Ishiwata, & Kuroda, 2002; Tsuiki, Ono, Ishiwata, & Kuroda, 2000a) . Moreover, the negative airway pressure by inspiratory resistive loading through a nostril reflexively activates the GG muscle (Malhotra et al., 2000) . Thus, activation of the GG muscle has an important role in maintaining airway patency during inspiration. Although little is known regarding the role of the GG muscle during expiration, several studies have reported that the expiratory EMG activity of the GG muscle was lower than that of inspiratory activity during quiet breathing (Douglas et al., 1993; Takahashi, Ono, Ishiwata, & Kuroda, 1999; Tsuiki, Ono, & Kuroda, 2000b) .
The degree to which the GG muscle is activated during inspiratory and expiratory efforts through the nose, with reference to upper airway patency or collapse, remains unclear. The aim of the present study was therefore to examine activation of the GG muscle, one of the main upper airway muscles, during increasing short and sharp inspiratory and expiratory efforts to maximum through the nose, that is, sniff and 'reverse sniff' (R-sniff) manoeuvres, using direct measurement of EMG activity.
METHODS

Ethical approval
This study was approved by the Kitasato University Medical Ethics Organisation (approval no. KMEO B02-04). The study conformed to the standards set by the Declaration of Helsinki, except for registration in a database. Each subject provided written informed consent to participate in our study.
Subjects
Eight healthy young men (age, 25 ± 4 years; height, 171 ± 5 cm; weight, 63 ± 5 kg) were enrolled. No subject had prior experience with respiratory manoeuvres or experimentation. No histories of pulmonary or neuromuscular disorder were reported. All subjects underwent a prestudy evaluation, including electrocardiography and echocardiography, to rule out the presence of underlying cardiac disease. Then, vital capacity (VC), forced vital capacity (FVC), forced expiratory volume in 1 s (FEV 1 ) and FEV 1 /FVC ratio were assessed, in accordance with reported guidelines (Miller et al., 2005) , by using Autospiro (AS-507; Minato Medical Science, Tokyo, Japan). The predicted values were taken from the Japanese Respiratory Society (Kubota et al., 2014) . The P I,max and maximal mouth expiratory pressure (P E,max ) were measured from functional residual capacity (FRC), in accordance with published guidelines (American Thoracic Society/European Respiratory Society, 2002), using Autospiro.
Electrode insertion
Details of the fine wire EMG techniques used in our study have been reported previously (Abe, Kusuhara, Yoshimura, Tomita, & Easton, 1996 ; Abe, Yamada, Tomita, & Easton, 1999; Katagiri et al., 2003; Yokoba et al., 2003) . Briefly, a pair of fine wire electrodes were inserted
New Findings
• What is the central question of this study?
Maximal sniff nasal inspiratory and reverse sniff nasal expiratory pressures are measured as inspiratory and expiratory muscle strength, respectively. Is the genioglossus muscle activated during short maximal inspiratory and expiratory efforts through the nose?
• What is the main finding and its importance?
Genioglossus muscle activity occurred with inspiratory muscle activity during a maximal sniff and with expiratory muscle activity during a maximal reverse sniff. These results indicate that genioglossus muscle activity is closely related to the generation of maximal sniff nasal inspiratory and reverse sniff nasal expiratory pressures. The balloon catheter was placed in one nostril and filled with air to form an airtight seal around the catheter airtight seal around the catheter. Subjects were studied with closed mouth in the sitting position and were asked to perform sniff and R-sniff efforts from FRC. Before providing data, the subjects had learned that FRC was the point at the end of expiration during quiet breathing with visual feedback of the respiratory flow on a monitor. Then, they practised several sniff and R-sniff efforts from FRC using visual feedback of SNIP and RSNEP on a monitor. Subsequently, they were asked to perform 20-40 short, sharp sniffs (American Thoracic Society/European Respiratory Society, 2002; Uldry & Fitting, 1995) and R-sniffs from low to high intensity, including 5-10 maximal sniffs and R-sniffs. In two subjects, only maximal sniffs were performed for the sniffs manoeuvre. When performing the R-sniffs manoeuvre, we instructed subjects to breathe normally with their mouths closed and to perform expiratory efforts through the nose from FRC, described as 'blowing your nose quickly' , with visual feedback of a short, sharp expiratory pressure trace.
Measurement techniques
We assessed the EMG activity of inspiratory muscles, including PARA and SC muscles, and the TA muscle, one of the main expiratory muscles, in addition to the GG EMG activity during sniffs and Rsniffs from low to high intensity. The raw EMG signals from the Values are means ± SD. Abbreviations: FEV 1 , forced expiratory volume in 1 s; FVC, forced vital capacity; P E,max , maximal mouth expiratory pressure; P I,max , maximal mouth inspiratory pressure; and VC, vital capacity.
TA B L E 1 Pulmonary function of eight subjects
electrodes were bandpass filtered (50 Hz to 4 kHz), rectified, and processed by a resistance capacitor with a time constant of 50 ms to provide continuous moving average EMG data for the GG, PARA, SC and TA muscles. These moving average EMG signals then were merged directly with the pressure signal data on the hard disk of a microcomputer at 4 kHz by using the PowerLab 16/30 system (ML800; AD Instruments, Bella Vista, NSW, Australia) and software (Labchart 7; AD Instruments).
Data analysis
We selected sniffs and R-sniffs of <500 ms in duration, with a pressure trace showing a sharp peak for analysis, in accordance with the criteria of the suitable sniff (Uldry & Fitting, 1995) ; we measured all selected SNIP and RSNEP traces. The highest SNIP and RSNEP were analysed for SNIP max and maximal RSNEP (RSNEP max ), respectively.
In each subject, the EMG activity of each muscle during sniffs and R-sniffs was normalized by the moving average EMG activity recorded during generation of SNIP max for the GG, PARA and SC muscles and during generation of RSNEP max for the TA muscle, and EMG is expressed as a percentage of the respective maximal level of activity. 
Statistical analysis
RESULTS
The pulmonary function of all subjects is shown in Table 1 . During insertion of the fine wire electrodes and measurement of sniffs and R-sniffs, discomfort was minimal and no subject required analgesia.
Recorded EMG max values during respiratory and non-respiratory The RSNEP max is shown in the top trace. Raw EMG data for the GG and transversus abdominis (TA) muscles during generation of RSNEP max are shown in the second and bottom traces, respectively. The EMG activity of the TA and GG muscles appeared with the generation of RSNEP max manoeuvres were not significantly different before and after this study in any subject.
The SNIP max and EMG activity of the GG, PARA and SC muscles
Mean (SD) SNIP max was −85.1 ± 15.9 cmH 2 O. Electromyographic activity of the GG, PARA and SC muscles appeared during generation of SNIP max in all subjects. The relationship between SNIP max and the raw EMG activities of the GG, PARA and SC muscles is illustrated for a typical subject in Figure 3a. 3.2 The RSNEP max and EMG activity of the GG and TA muscles Mean (SD) RSNEP max was 83.1 ± 24.2 cmH 2 O. Electromyographic activity of the GG muscle during generation of RSNEP max occurred but was lower than during SNIP max (62.9 ± 31.1% EMG max of SNIP max , P = 0.012). Transversus abdominis EMG activity appeared during generation of RSNEP max in all subjects. The relationship between RSNEP max and the raw EMG activities of the GG and TA muscles is illustrated for a typical subject in Figure 3b. 
Relationship between SNIP or RSNEP and EMG activity of the GG muscle
At the low SNIP (from −20 to −5 cmH 2 O), raw EMG data suggested that GG activity increased linearly with increasing SNIP in all six subjects who performed the sniffs from low to high intensity. In R-sniffs of various intensities, GG EMG activity also appeared in the low RSNEP (from 5 to 20 cmH 2 O), and increased linearly with increasing RSNEP in each subject. Progression of EMG activity with SNIP or RSNEP for the GG muscle is illustrated for a typical subject in Figure 4 . The degree of GG EMG activity increased as pressure increased, regardless of whether this was negative or positive in each subject ( Figure 5 ).
Relationship between SNIP or RSNEP and EMG activity of the PARA, SC and TA muscles
The PARA and SC EMG activity increased linearly with increasing SNIP in each subject (Figures 6 and 7, respectively) .
The TA EMG activity increased linearly with increasing RSNEP in each subject (Figure 8 ).
DISCUSSION
We showed that GG EMG activity increased linearly with increasing SNIP and RSNEP from low to high intensity in each subject. The GG muscle showed marked activity with generation of SNIP max and RSNEP max . Specifically, GG EMG activity during RSNEP max was lower than during SNIP max . In the sniffs, the EMG activity of PARA and SC muscles showed augmentation with each stepwise increment in SNIP.
In the R-sniffs, the EMG activity of TA muscle showed augmentation with each stepwise increment in RSNEP. 
Validity of SNIP max and RSNEP max values
The mean value of SNIP max in our study is comparable to that of results from previous studies, where SNIP max was −89.2 ± 26.9 cmH 2 O in the sitting position (Kamide, Ogino, Yamashina, & Fukuda, 2009 ) and −94.5 ± 26.6 cmH 2 O in the standing position in normal Japanese young men. In contrast, SNIP max in our group was lower than in normal Caucasian men aged 20-35 years (−117.0 ± 29.5 cmH 2 O; Uldry & Fitting, 1995) . The explanation for this discrepancy in SNIP max appears to lie in ethnic differences, as has been found for P I,max and P E,max (Johan, Chan, Chia, Chan, & Wang, 1997) .
From the previous report of normal subjects (Chetta et al., 2001 ), the expiratory mouth whistle pressure measured with a narrow aperture was 131 ± 31 cmH 2 O, which was higher than the RSNEP max value obtained in our study. Although there is a similarity between maximal R-sniff and mouth whistle manoeuvres in the point of a maximal, short, sharp and forced expiration, the discrepancy in
these pressure values appears to be attributable to two factors.
First, RSNEP max was measured from FRC, whereas the expiratory mouth whistle pressure was measured from total lung capacity.
According to the American Thoracic Society/European Respiratory Society statement on respiratory muscle testing (American Thoracic Society/European Respiratory Society, 2002), the value of P E,max measured from total lung capacity was higher, up to +40 cmH 2 O, compared with that measured from FRC, owing to the passive elastic recoil pressure of the lung and chest wall. Second, a maximal R-sniff manoeuvre was achieved through the nasal balloon catheter that occluded a nostril, with the contralateral nostril remaining open to allow passage of air, whereas the mouth whistle was measured by forming an airtight seal around a narrow aperture.
Unlike P I,max and P E,max , which are based on static manoeuvres, the sniff and R-sniff are dynamic manoeuvres that generate airflow; moreover, they are not precisely isovolumic. 
F I G U R E 7
Correlation between sniff nasal inspiratory pressure (SNIP) and EMG activity of the scalene (SC) muscle. The degree of SC muscle EMG activity increased as SNIP increased in each subject catheter might act as a resistor to reduce nasal expiratory flow during the R-sniff manoeuvre.
Electromyographic activity of inspiratory and expiratory muscles during sniff and R-sniff
During a maximal sniff manoeuvre, previous experimental studies of normal subjects demonstrated that the diaphragm was active using EMG with an oesophageal electrode (Nava, Ambrosino, Crotti, Fracchia, & Rampulla, 1993) and transdiaphragmatic pressure (Miller, Moxham, & Green, 1985; Nava et al., 1993) , and the neck accessory muscles, including the SC muscle, were also shown to be active using EMG with fine wire electrodes . Moreover, surface EMG activity of the PARA muscle appeared during a maximal sniff (Nava et al., 1993) . In our study, we found that EMGs of the The degree of TA muscle EMG activity increased as RSNEP increased in each subject PARA and SC muscles showed augmentation with each stepwise increment in SNIP using the fine wire electrodes, which were inserted directly into these target muscles. These results supported SNIP max as the inspiratory pressure generated from the activation of global inspiratory muscles, as noted previously Nava et al., 1993) .
During the R-sniff manoeuvre, we validated that the EMG activity of the TA muscle, which is known to be the most active of the four abdominal muscles (the TA, internal and external oblique and rectus abdominal muscles) during expiration (Abe et al., 1996) , increased linearly with increasing generation of an expiratory pressure in all subjects. This result indicates that RSNEP max reflects expiratory muscle activity and can be used as an assessment of expiratory muscle strength.
Genioglossus EMG activity during sniff and R-sniff
The primary aim of this study was to examine whether the GG muscle was active in producing SNIP max and RSNEP max . As demonstrated in several previous experimental studies in normal subjects, the GG muscle shows inspiratory phasic EMG activity in CO 2 rebreathing (Onal, Lopata, & O'Connor, 1981a; Shi, Seto-Poon, & Wheatley, 1998) and isocapnic hypoxia (Onal, Lopata, & O'Connor, 1981b) , in addition to quiet breathing. In particular, the phasic inspiratory EMG activity of the GG muscle and diaphragm increases linearly with increasing partial pressure of arterial CO 2 during CO 2 rebreathing (Onal et al., 1981a) and with decreasing oxygen saturation in conditions of isocapnic hypoxia (Onal et al., 1981b et al., 2000) . These reports indicate that the GG muscle is intimately involved with the inspiratory muscles and is required to counteract the negative airway pressure during inspiration. Indeed, previous studies with a tagged magnetic resonance imaging technique show that the GG muscle moves anteriorly to dilate the upper airway during quiet and loaded inspiration (Cheng, Butler, Gandevia, & Bilston, 2008 , 2011 . As expected, the EMG activity of the GG, PARA and SC muscles appeared with generation of SNIP max ; GG activity showed augmentation with each stepwise increment in SNIP in our study. Our findings suggested that GG activity was activated, based on the level of SNIP, to prevent the collapse of the upper airway during a sniff, which constituted a short and sharp inspiration that abruptly generated an inspiratory negative pressure and flow.
In theory, GG muscles do not necessarily need to be active during R-sniff because the positive airway pressure during expiration acts to maintain expiratory flow and upper airway patency. Nevertheless, we found that EMG activity of the GG muscle appeared with generation of RSNEP max ; and GG activity showed augmentation with each stepwise increment in RSNEP in our study.
It has been reported that there are two types of motor unit in the GG muscle: inspiratory motor units, which show phasic firing activity during inspiration; and inspiratory/expiratory motor units, which fire during both inspiration and expiration, in normal subjects (Tsuiki et al., 2000a) . More recently, studies of quiet breathing in normal subjects have shown that there are fewer expiratory phasic and tonic motor units than inspiratory units in the GG muscle (Saboisky et al., 2006 (Saboisky et al., , 2007 (Saboisky et al., , 2010 . Moreover, a study of the GG muscle with continuous positive airway pressure has shown that expiratory phasic and tonic motor units may not respond to the application of continuous positive airway pressure, while inspiratory phasic motor units are suppressed by the application of continuous positive airway pressure in normal subjects (Saboisky et al., 2010) . The presence of these expiratory motor units suggests that the expiratory activation of the GG muscle could have a different role from inspiratory activity; the GG muscle could be active during expiration to maintain tongue posture and stiffen the upper airway (Saboisky et al., 2006; Tsuiki et al., 2000a) . Indeed, tongue pressure for protrusion during expiration increases more than during inspiration during quiet breathing in normal subjects (Takahashi et al., 1999) . It is probable that R-sniff, which is an abruptly generated expiratory positive pressure that flows through a nostril, also required GG activity to maintain tongue posture and stiffen the upper airway in our study.
We found that GG activity during SNIP max was higher than during RSNEP max . To our knowledge, this finding has not been reported previously, although GG activity during inspiration was higher than during expiration in quiet breathing (Douglas et al., 1993; Takahashi et al., 1999 Takahashi et al., , 2002 Tsuiki et al., 2000b) . These results suggested that a sniff requires greater activation of the GG muscle, compared with an Rsniff, to generate the pressure and respiratory flow through a nostril, and that GG activity might have a differential role in SNIP max and RSNEP max .
Clinical limitations
To apply SNIP max and RSNEP max in a clinical setting, some remaining questions must be examined. First, little is known regarding the effect of different postures on GG activity during a sniff and an R-sniff, although GG EMG activity in the supine position was higher than while sitting during quiet breathing (Douglas et al., 1993) . Second, we did not examine the EMG activity of the upper airway and respiratory muscles during sniffs and R-sniffs in patients with neuromuscular disease because the EMG measurement in our study is an invasive technique that involves inserting fine wire electrodes directly into the target muscles. Third, the extent to which SNIP max or RSNEP max clinically demonstrates malfunctions of the upper airway or respiratory muscles
has not yet been investigated.
CONCLUSIONS
Genioglossus activity showed an increase with each stepwise increment in SNIP and RSNEP in normal human subjects. In particular, the GG muscle was recruited together with the PARA and SC muscles during generation of SNIP max , and with the TA muscle during RSNEP max . These findings suggested that GG activity was closely related to the generation of SNIP max and RSNEP max .
